We have identified a family of dispersed repetitive DNA sequences in the genome ofMagnaporthegrisea, the fungus that causes rice blast disease. We have named this family of DNA sequences "MGR" for M. grisea repeat. Analysis of five MGR clones demonstrates that MGR sequences are highly polymorphic. The segregation of MGR sequences in genetic crosses and hybridization of MGR probes to separated, chromosome-size DNA molecules of M. grisea shows that this family of sequences is distributed among the M. grisea chromosomes. MGR sequences also hybridize to discrete poly(A)I RNAs. Southern blot analysis using a MGR probe can distinguish rice pathogens from various sources. However, MGR sequences are not highly conserved in the genomes of M. grisea field isolates that do not infect rice. These results suggest that host selection for a specific pathogen genotype has occurred during the breeding and cultivation of rice.
Magnaporthe grisea is a fungal plant pathogen that shows considerable variation and diversity. For example, this species parasitizes >50 different gramineous hosts (1) , yet individual isolates are restricted to one or a few grass species. Isolates of M. grisea that infect rice cause a devastating disease known as rice blast. This disease occurs in almost all rice-growing areas of the world, and hundreds of races have been identified in the population of rice-infecting isolates (1, 2) according to the spectrum of rice cultivars they can successfully infect. The frequent appearance of new races in the field has hindered the breeding of blast-resistant rice cultivars (2, 3) .
In the laboratory, M. grisea isolates display variation in culture morphology (2, 4) and mating ability (4) . In addition, some genetic loci appear to be highly mutable (ref. 5 ; B.V., unpublished results). Studies employing isozyme analysis (6) have been inconclusive in defining the nature and extent of genetic variation in this organism. Therefore, we decided to analyze the genomes of M. grisea rice pathogens for the presence of repetitive DNA sequences. In other organisms, repeated DNA elements have been shown to accumulate sequence polymorphisms at a high rate, presumably due to genetic drift and rearrangement (7) (8) (9) . In the yeast, Saccharomyces cerevisiae, and in other organisms, dispersed repetitive DNA sequences participate in a wide variety of genetic rearrangements (10) (11) (12) . The arrangement and structure of repetitive DNA sequences in M. grisea may provide clues to the mechanisms that have given rise to genetic variation in this fungal plant pathogen.
We report the identification of a family of highly polymorphic, dispersed, repeated DNA sequences ("MGR" sequences for M. grisea repeat) in isolates of M. grisea that cause rice blast disease. MGR probes do not hybridize extensively to the genomic DNA of M. grisea field isolates that infect grasses other than rice. However, MGR sequences are not sufficient to confer pathogenicity toward rice, because plant pathogenic strains can carry many MGR sequences without being pathogenic on rice. These results provide evidence at the DNA sequence level for pathogen genotype selection by a host species. MGR sequences appear to mark the ancestral population of M. grisea that led to the evolution of rice-specific pathogen genotypes.
MATERIALS AND METHODS
Strains. M. grisea strains are maintained in the laboratories of B.V. and F.C. (Du Pont) and J.E.H. (Purdue). Procedures for growing and crossing M. grisea have been described (13) . Escherichia coli strains LE392 (14) , P2392 (Stratagene), and JM105 (15) were used for the propagation of bacteriophages and plasmids.
Nucleic Acid Isolation and Blotting. DNA was isolated from purified nuclei as described by Timberlake (16) . Total M.
grisea DNA (<50 tkg) was prepared by grinding 1 g of fungal mycelium in liquid nitrogen, suspending the powder in 2 ml of 50 mM Tris HCl, pH 7.5/0.1 M EDTA/0.5% NaDodSO4, and heating the suspension to 68°C. The preparation was extracted at room temperature with 2 ml of phenol/ chloroform and centrifuged at 8000 x g for 10 min. The aqueous phase was chromatographed on a Bio-Gel P-60 (Bio-Rad) column in 10 mM Tris-HCI, pH 7.5/1 mM EDTA (TE), and nucleic acids were recovered by precipitation with isopropyl alcohol. RNA was isolated by the procedures of Timberlake (16) . Poly(A)+ RNA was prepared by oligo(dT)-cellulose affinity chromatography (17) . DNA and RNA blots were done using Amersham Hybond-N membranes as specified by the manufacturer. Blots were probed with DNA radioactively labeled by nick-translation or by the random oligonucleotide primer method (18) . A AEMBL3 (19) DNA library of strain 0-137 (a rice pathogen field isolate from Hangzhou, China) was prepared and screened by plaque hybridization as described by Maniatis et al. (20) . T4 polynucleotide kinase was used to prepare 32P-labeled rRNA probes, as described (20) . All nucleic acid hybridizations were conducted at high stringency, with final washes in 0.2x Proc. Natl. Acad. Sci. USA 86 (1989) neous electric field (CHEF) gel electrophoresis and DNA blotting were performed essentially as described by Orbach et al. (22 (Fig. 1) . These subclones hybridize to many different size restriction fragments in the M. grisea genome (see Fig. 2 ). Plasmids pCB583 and pCB586 were used to map the arrangement of MGR sequences in recombinant phages AMGR 12b, 19, 2, and 8, as shown in Fig. 1 .
The sequence arrangement of MGR clones is strikingly heterogeneous (Fig. 1 polymorphic repeated DNA family containing at least four distinct, but often contiguous, sequence components (represented by the pCB583, pCB586, and pCB608 subclones and the regions of AMGR 2 and 12b mentioned above).
Copy Number of MGR Sequences. The copy number of MGR sequences was determined by quantitative "dot blot" hybridization to membranes containing measured amounts of genomic DNA, using either the ILVI + gene or the AMGR 12a subclone, pCB583, as probes. The haploid genome size was assumed to be roughly the same as that of Aspergillus or Neurospora, 3.0 x 104 kb (23, 24) . The ILVI + gene was determined to have a copy number of 0.8, whereas the copy number of the MGR insert in pCB583 was determined to be 37. Because the ILVI+ gene occurs in one copy per genome (F.C., unpublished results), we normalized these results and inferred the genome size to be -3.8 x 104 kb and the MGR copy number to be about 46. This estimate for the copy number of the pCB583 MGR subclone roughly agrees with the number of bands that hybridized to pCB583 in Southern blots (Fig. 2B) .
To examine the frequency and distribution of pCB583 and pCB586 MGR sequences in the M. grisea EMBL3 library, duplicate hybridization filters were prepared from each plate and probed with either pCB583 or pCB586. The number of clones containing MGR sequences was determined from autoradiographs. From five plates a total of 3912 A plaques was screened, and a total of 424 clones (10.8%) was found to contain either one or both of the MGR regions (87 plaques hybridized to pCB586 alone; 196 plaques hybridized to pCB583 alone; 141 plaques hybridized to both probes). The frequency of recombinant clones that hybridize to pCB586 and/or pCB583 was about the same as the frequency of clones that hybridized to the labeled genomic DNA probe. (Fig. 2A) . Distinctive MGR patterns are detected in each offour isolates ( Fig. 2A , lanes 4-6 and 9) collected from different varieties of rice growing in a single field in Hangzhou, China (B.V., unpublished results). A single EcoRI fragment hybridizes to pCB586 in genomic DNA from strain 4091-5-8, a weeping lovegrass (Eragrostis curvula) pathogen that does not infect rice. The analysis of rice pathogens has been extended to include isolates from Guinea, Ivory Coast, Egypt, South Africa, Malaysia, India, Guyana, Brazil, the Philippines, and the United States (data not shown) with results similar to those shown in Fig. 2A . The hybridization patterns observed are sufficiently polymorphic to differentiate all of the rice pathogens we have tested.
The MGR pCB583 probe hybridizes to multiple BamHI fragments in the genomes of rice pathogens (Fig. 2B) . A highly conserved 2.0-kb BamHI fragment is detected in the DNA of all strains, including strain 4091-5-8. A plasmid clone containing a copy of the 2.0-kb BamHI fragment (pCB607) was obtained by isolating 2.0-kb BamHI fragments from strain 0-135 DNA and cloning this DNA into the plasmid vector pUC18. A Southern blot of EcoRI-and BamHIdigested 0-137 DNA was probed with pCB607 ( Fig. 2C ). As expected, the probe hybridized to the highly repeated 2.0-kb BamHI fragment and to several other fragments. However, this probe detected multiple EcoRI fragments with no conserved components. These results suggest that MGR sequences are dispersed and consist of polymorphic and conserved DNA sequences.
We examined the distribution and conservation of MGR in field isolates of M. grisea that are pathogens of a variety of grasses but not pathogens of rice (Fig. 3) . As with strain 4091-5-8, hybridization to pCB586 is significantly reduced in the grass pathogens as compared to rice pathogens (Fig. 3A) . A similar result is shown for hybridization with pCB583 (Fig.  3B) (Fig. 4) . The progeny analyzed in Fig. 4 are pathogens of weeping lovegrass, but none of them is a rice pathogen (B.V., unpublished results). A series of backcrosses in which progeny were mated to 0-135 showed that the accumulation of MGR sequences occurred independently from the accumulation of factors that confer the ability to infect rice (B.V. and L.F., unpublished results).
The MGR bands in nine randomly chosen progeny differ in size and number (Fig. 4) We examined the hybridization of MGR sequences to chromosome-size DNA molecules separated by CHEF electrophoresis. CHEF electrophoresis. There appear to be size polymorphisms associated with the chromosomes of the strains examined. Fig. 5B shows that MGR sequences are present on every chromosome-size DNA molecule we have resolved in M. grisea rice pathogens. A single chromosome-size molecule from a M. grisea laboratory strain that does not infect rice hybridized to the pCB586 probe (Fig. 5B) . None of the N. crassa chromosomes, included for size comparison, hybridized to the MGR probe. MGR Transcription. To detect mRNAs homologous to MGR sequences, we isolated poly(A)+ RNA from M. grisea strains 0-137 and 4091-5-8 and fractionated the RNA on denaturing gels. RNA blots were probed with pCB583 (Fig.  6A) . The same RNA blots were subsequently probed with the cloned M. grisea ILVIJ gene (Fig. 6B) . The MGR sequences carried by pCB583 hybridized to several poly(A)+ RNAs from strain 0-137: a 7.3-kb RNA and two smaller RNAs about 3.0 and 2.5 kb in length. In addition, background hybridization to 0-137 poly(A)+ RNAs was detected. No hybridization was observed to poly(A)+ RNA isolated from strain 4091-5-8. When the probe was removed from the blot shown in Fig. 6A , and the blot was reprobed with the ILVI + gene, a single poly(A)+ RNA -2.4 kb in length was detected. No background hybridization was observed in either lane when the ILVI+ gene was used as a probe, demonstrating that-the 0-137 RNA used was not generally degraded. These results suggest that at least some MGR sequences are transcribed into mRNAs of defined lengths. The MGR sequences in the DNA of strain 4091-5-8 that hybridize to pCB583 do not appear to be transcribed in steady-state levels sufficient to be detected in these experiments. Hybridization to RNA blots using the plasmid clone containing the 2.0-kb BamHI fragment described above (pCB607, Fig. 2C ) gave results similar to those shown in Fig. 6A (J.E.H., unpublished results) .
DISCUSSION
A family of repetitive DNA sequences exists in the genome of the rice blast pathogen, M. grisea. Dot blot and Southern hybridizations suggest that sequences homologous to the MGR subclone pCB583 are present in -46 copies per haploid genome. However, the fraction ofgenomic library clones that hybridize to MGR probes suggests the copy number could be somewhat higher. Although MGR sequences appear to be dispersed throughout the M. grisea genome and segregate independently in genetic crosses, the possibility exists that some MGR sequences may be clustered in specific genomic locations.
The MGR family is comprised of at least four different but frequently contiguous sequence components ( Fig. 1 ; defined by subclones pCB583, pCB586, and pCB608 and by parts of AMGR 2 and 12b that have not been subcloned). Restriction mapping and Southern blot analysis demonstrate that these sequences are highly polymorphic. This sequence variation in MGR DNA fragments is presumed to have arisen by single base-pair changes and by recombination events leading to sequence rearrangements.
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MGR sequences bear some resemblance to families of transposable elements found in other eukaryotic organisms. For example, the genome of S. cerevisiae contains =36 dispersed copies of a retrotransposon called Ty (25) . Ty elements are -6 kb in length, encode 5.7-kb and 5.0-kb poly(A)+ RNAs, and participate in a variety of genetic rearrangements. Like Ty elements in yeast, MGR sequences encode a large poly(A)+ RNA, as well as smaller poly(A)+ RNAs, suggesting that at least some MGR sequences may contain RNA polymerase II promoters and code for translatable products. The smeared pattern of RNA hybridization to the pCB583 MGR probe (Fig. 6A, lane 2) 
